Introduction
Chiral β-amino acids and β-lactams are important compounds because of their pharmacological properties and their use in diverse syntheses. For example, (1R,2S)-2-aminocyclopentanecarboxylic acid (cispentacin) [1] , the simplest, naturally occurring carbocyclic β-amino acid, is an antifungal antibiotic, but can also be found in the structures of some natural products, e.g., amipurimycin [2] . Its methylene derivative, (1R,2S)-2-amino-4-methylenecyclopentanecarboxylic acid (icofungipen, PLD-118) [3] , in turn, is active in vitro against Candida species. Enantiomeric eight-membered ring-fused β-lactams (1R,8S)-and (1S,8R)-9-azabicyclo[6.2.0]dec-4-en-10-one are potential key intermediates [4] in the syntheses of anatoxin-a [5] . It is a neurotoxic alkaloid, one of the most toxic of the cyanobacterial toxins, but a potent and stereospecific agonist at nicotinic acetylcholine receptors [5] [6] [7] . A relatively large number of publications deal with its isolation from strains of Anabaena flos aqua, a freshwater blue-green alga, but synthetic methods [8] [9] [10] , also for the preparation of new anatoxin-a homologues [11] have also been described. Cyclic β-amino acids can serve as building blocks for the synthesis of modified peptides with increased activity and stability [12] and with well-defined three-dimensional structures (foldamers) (e.g., β-peptides with possible antibiotic activity) similar to those of natural peptides [13, 14] . Additionally, the alkene functionality in molecules is amenable to a range of transformations. Cyclic β-amino acids can also be used in heterocyclic [15, 16] and combinatorial [17] chemistry.
In addition to conventional resolution methods for the preparation of enantiomeric β-amino acids and β-lactams, enzymatic strategies have also been described [18] [19] [20] . Our research group has also devised a number of efficient enzymatic kinetic and sequential kinetic resolution processes (acylations, deacylations and hydrolyses). Most of these methods have been reviewed [21] [22] [23] .
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In view of earlier results on enzymatic acylation of N-hydroxymethyl eight-membered carbocyclic β-lactams [4, 24] , we first planned to carry out enzymatic acylation of N-hydroymethyl-9-azabicyclo[6.2.0]dec-6-en-10-one [(±) -4] (Figure 1 ). The extensive investigations of the lipase-catalyzed ring cleavage of unactivated [25] [26] [27] and activated [28] β-lactams then suggested the possibility of the lipase-catalyzed enantioselective ring cleavage of racemic unactivated 9-azabicyclo[6.2.0]dec-6-en-10-one [(±) -3] and activated (±)-4 and N-hydroxymethyl 9-azabicyclo[6.2.0]dec-4-en-10-one [(±) -6] . A systematic comparison of the efficiency of these methods, with regard to E, reaction rate and yield for the products, was also intended. A primary aim of this work was to devise adequate enzymatic strategies for the preparation of valuable new enantiomeric eight-membered carbocyclic β-lactam and β-amino acid derivatives. In view of earlier results on enzymatic acylation of N-hydroxymethyl eight-membered carbocyclic β-lactams [4, 24] , we first planned to carry out enzymatic acylation of N-hydroymethyl-9-azabicyclo [6.2. 0]dec-6-en-10-one [(±)-4] (Figure 1 ). The extensive investigations of the lipase-catalyzed ring cleavage of unactivated [25] [26] [27] and activated [28] β-lactams then suggested the possibility of the lipase-catalyzed enantioselective ring cleavage of racemic unactivated 9-azabicyclo[6.2.0]dec-6-en-10-one [(±)-3] and activated (±)-4 and N-hydroxymethyl 9-azabicyclo[6.2.0]dec-4-en-10-one [(±) -6] . A systematic comparison of the efficiency of these methods, with regard to E, reaction rate and yield for the products, was also intended. 
Results and Discussion

Synthesis of β-lactams (±)-3-(±)-6
Lactams (±)-3 and (±)-5 were synthesised from cyclooctadiene 1 or 2 by the addition of chlorosulfonyl isocyanate (CSI), according to a slightly modified literature procedure (Scheme 1). [29, 30] . Then product lactams were reacted with paraformaldehyde under sonication to form N-hydroxymethyl β-lactams (±)-4 and (±)-6 [4] . Scheme 1. Synthesis of (±)-3-(±)-6.
Lipase-Catalyzed O-acylation of (±)-4
On the basis of the earlier results on the enzymatic resolution of N-hydroxymethyl 9-azabicyclo[6.2.0]dec-4-en-10-one [4] and N-hydroxymethyl 9-azabicyclo[6.2.0]decane-4-en-10-one [24] , first the acylation of (±)-4 (Scheme 2) was carried out with vinyl butyrate (VB) in the presence of PSIM (Burkholderia cepacia) in diisopropyl ether (iPr2O) at −15 °C (Table 1, 
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Results and Discussion
Synthesis of β-lactams (±)-3-(±)-6
Lipase-Catalyzed O-acylation of (±)-4
Scheme 2. Lipase-catalyzed O-acylation of (±)-4. When the acylation was performed at higher temperatures, the reaction rate increased with the concomitant decrease in E (entries 2 and 3 vs. 1). As the amount of VB was increased from 2 to 10 equiv., the reaction rate increased while E apparently decreased (entry 4 vs. 3). The addition of a catalytic amount of Et 3 N and Na 2 SO 4 resulted in a clear increase in E (entry 5 vs. 4).
To further increase the E values, acyl donors, such as 2,2,2-trifluoroethyl butyrate, vinyl acetate (VA), ethyl acetate (EtOAc) and acetic anhydride (Ac 2 O) were tested (entries 6-9). Unfortunately, none of the acyl donors tested exerted any beneficial influence on the reaction course. Several solvents have also been tested. When iPr 2 O was replaced by tBuOMe, practically no change was observed in the reaction course (entry 15 vs. 4). The same high E but somewhat lower reaction rate was observed in acetone (entry 17), while the best E and fastest reaction were detected in toluene (entry 16). Finally the environmentally less harmful iPr 2 O was selected as solvent.
In addition to lipase PSIM, several enzymes, such as lipase AK (Pseudomonas fluorescens), lipase AY (Candida rugosa), CAL-A (lipase A from Candida antarctica), CAL-B (lipase B from Candida antarctica) and PPL (porcine pancreatic lipase) have been investigated (entries [10] [11] [12] [13] [14] . However, in terms of E and reaction rate, none of them proved to be better than PSIM.
Lipase-Catalyzed Ring Cleavage of (±)-3-(±)-6
In view of the results on the lipase-catalyzed ring cleavage of carbocyclic β-lactams [25] [26] [27] , the ring opening of (±)-3 was attempted with 1 equiv. of H 2 O in the presence of CAL-B (lipase B from Candida antarctica) in iPr 2 O at 60 • C (Scheme 3; Table 2 , entry 1). When the ring cleavage of the regioisomeric 9-azabicyclo[6.2.0]dec-4-en-10-one [(±)-5] was performed under the same conditions, a similar fast reaction and the same high ee values (>98%) were observed (entry 2).
In further studies, we have probed our very recent results found about the ring cleavage of specially activated lactams [28] , where the activating group underwent to a traceless, in situ degradation. Accordingly, the ring cleavage of (±)-4 was attempted with H 2 O in the presence of CAL-B and benzylamine to capture formaldehyde in iPr 2 O at 60 • C (Scheme 4, Table 2 , entry 3). Excellent ee (>99%) characterized formed amino acid (1R,2S)-9 at a conversion close to 50%. The ring cleavage of regioisomeric (±)-6 was also carried out under the same conditions (entry 4), and the same high ee (>98%) for amino acid (1R,2S)-10 and unreacted lactam (1S,8R)-6, potential intermediate in the synthesis of enantiomeric anatoxin-a was observed. In good accordance with the earlier observation that the hydroxymethyl group activates the ring cleavage of lactams, racemic 4 and 6 underwent ring cleavage much faster than their corresponding inactivated counterparts (entry 3 vs. 1 and 4 vs. 2).
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Scheme 3. Lipase-catalyzed ring cleavage of (±)-3 and (±)-5.
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On the basis of the preliminary results, preparative-scale resolutions of racemic 3, 4 and 6 were performed under the optimized conditions (footnotes to Table 3 ). The results are reported in Table 3 and Experimental Section. 
Further Transformations
Hydrolysis of enantiomeric 3, 4, 6 and 7 with 18% aqueous HCl (Schemes 2-4) gave the corresponding hydrochloride salts 9·HCl and 10·HCl (ee > 97%), while treatment of enantiomeric 4 and 7 with NH 4 OH/MeOH (Scheme 2) resulted in β-lactams (1R,8S)-3 and (1S,8R)-3 (ee ≥ 95%). Catalytic reduction of enantiomeric lactams 3 and amino acids 9 with H 2 or cyclohexene as a hydrogen donor and using palladium-on-carbon furnished saturated lactams (1R,8S)-8 and (1S,8R)-8, and amino acids (1R,2S)-11 and (1S,2R)-11, respectively (Schemes 2 and 3), without a drop in ee (>96%). Physical data on the enantiomers prepared are reported in Table 4 and Experimental Section. [25] . Thus, the (1R,8S) configuration is determined for ester 9 and the corresponding lactam (3), and the (1S,8R) configuration is assigned to unreacted alcohol 4 and the corresponding lactam (3). The CAL-B-catalyzed ring cleavage of either inactivated lactams 3 and 5 or activated lactams 4 and 6 afforded the corresponding amino acids with (1R,2S) absolute configuration I.
Experimental Section
Materials and Methods
CAL-B (lipase B from
Candida antarctica), produced by the submerged fermentation of a genetically modified Aspergillus oryzae microorganism and adsorbed on a macroporous resin (Catalogue no. L4777), and porcine pancreatic lipase (PPL) were from Sigma-Aldrich (St. Louis, MO, USA). CAL-A (lipase A from Candida antarctica) was purchased from Roche Diagnostics Corporation. Lipase PSIM (Burkholderia cepacia, immobilized on diatomaceous earth) was a kind gift from Amano Enzyme Europe Ltd. (Suqian, China) Lipase AK (Pseudomonas fluorescens) was from Amano Pharmaceuticals, and lipase AY (Candida rugosa) was from Fluka. The solvents were of the highest analytical grade. Melting points were determined with a Kofler apparatus. NMR spectra were recorded on a Bruker DRX 400 spectrometer. Optical rotations were measured with a Perkin-Elmer 341 polarimeter. Elemental analyses were performed with a Perkin-Elmer CHNS-2400 Ser II Elemental Analyzer. The syntheses of racemic N-hydroxymethyl 9-azabicyclo[6.2.0]dec-6-en-10-one [(±) -5] and N-hydroxymethyl 9-azabicyclo[6.2.0]dec-4-en-10-one [(±)-6] were performed according to our earlier method [4] .
Typical Small-Scale Enzymatic Experiments
Racemic β-lactam in an organic solvent (0.05 M solution, 1 mL) was added to the lipase tested (30 mg mL −1 ). The tested acyl donor (2 or 10 equiv.) in acylations or H 2 O (1 equiv.) in hydrolyses was added. The mixture was shaken at −15 • C, 2-3 • C, 30 • C or 60 • C. The progress of the reaction was followed by taking samples from the reaction mixture at intervals and analysing them by using a gas chromatograph equipped with a chiral column. The ee values for the unreacted β-lactam enantiomers were determined directly on a Chromopack Chiralsil-Dex CB column [retention times are given in min; 140 A solution of CSI (2.28 mL, 26.2 mmol) in CH 2 Cl 2 (25 mL) was added dropwise to a stirred solution of 1,3-cyclooctadiene (3 mL, 26.2 mmol) in CH 2 Cl 2 (25 mL) at 0 • C. The reaction mixture was stirred at room temperature for 21 h, and the resulting liquid was then added dropwise to a vigorously stirred solution of Na 2 SO 3 (0.33 g) and K 2 CO 3 (7.12 g) in H 2 O (50 mL). After stirring the mixture for 3.5 h, the combined organic layers were dried (Na 2 SO 4 ) and, after filtration, concentrated. The resulting white solid, racemic 3 (3.41 g, 86%), was recrystallized from iPr 2 O (m.p. 103-106 • C). Ester (1R,8S)-7 (100 mg, 0.66 mmol) was dissolved in MeOH (10 mL), NH 4 OH (1 mL) was added and the mixture was stirred at room temperature for 6 h. The solvent was evaporated off, the residue chromatographed on silica (EtOAc:n-hexane 7:3) providing white crystals of (1R,8S)-3 [48 mg, 80%;
[α] 
Preparation of (1R,2S)-11 and (1S,2R)-11
Palladium-on-carbon (60 mg) was added to enantiomer (1R,2S)-9 or (1S,2R)-9 (100 mg) dissolved in MeOH (20 mL) and H 2 was bubbled through the system at RT for 6 h. The catalyst was then filtered off and after evaporation white crystalline enantiomers of 2-aminocyclooctane-1-carboxylic acid (1R, 
Acidic Hydrolyses to β-amino Acid Hydrochlorides
When the enantiomeric lactam at issue (0.2 mmol) was treated with 18% aqueous HCl (5 mL) at reflux temperature, the desired amino acid hydrochloride was obtained, as follows: 
